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Introduction
In recent years, phasor measurement units (PMUs) have recorded more and more slow voltage recovery (SVR) events in the electrical grid, especially in areas supplying heavy air conditioning loads. During an SVR event, the voltage recovers to the nominal level in tens of seconds instead of tens of cycles after a fault is cleared (the faults are usually cleared in three to five cycles at the transmission level). Sustained low voltages have caused power quality issues and raised concerns of voltage system collapse. Meanwhile, the significant reduction in the voltage stability margin may lead to a similar chain of events. Therefore, it is critical that SVR events be modeled and prevented.
Most heating, ventilation, and air-conditioning (HVAC) units used by households and small business buildings are single-phase air-conditioning (SPAC) units, which include a condenser fan, an air handler fan, and a compressor, as shown in Figure 1 and Figure 2 . The two fans consume approximately 20% of the total power of an air-conditioning unit, while the compressor consumes 80% of the total power under normal operating conditions. The air handler and condenser fan motors can be modeled by either three-phase motor models or ZIP models, because these motors restart when voltage recovers, as shown in Figure 3 and Figure 4 . For the compressor motor, however, once the fault voltage drops below its stalling threshold (usually around 0.6 to 0.7 p.u.), the motor stalls in a few cycles. This is because the pressurized gas in the compression pipes produces a constant torque on the motor shaft, and the electrical torque can not overcome the load torque once the voltage drops below a certain threshold. Once stalled, the compressor motor current jumps to three to seven times its rated value when the fault is cleared and the voltage starts to recover. This over-current condition produces a voltage drop, the magnitude of which depends on the amount of stalled motor and the feeder impedance. Under such depressed voltage conditions, the motor electrical torque is not able to overcome the motor load torque. Thus, the compressor motor remains stalled until its thermal relay detects the over-current and trips the compressor offline. Depending on the magnitude of the over-current, the process, can take from seconds to tens of seconds, as shown in Figure 5 . Therefore, the fundamental cause of the SVR event is the stalled motors inside a SPAC unit. Because neither the three-phase motor model nor the ZIP model alone can model the compressor behavior properly for both the motor running and stalling states, a new modeling approach is needed for the modeling of SPAC units. 
Development of a New Modeling Approach
During the past years, the Western Electricity Coordinating Council (WECC) Load Modeling Task Force (LMTF) has led the effort to develop the new modeling approach. Under the auspices of the WECC LMTF, the Bonneville Power Administration (BPA), Southern California Edison, and Electric Power Research Institute (EPRI) Solutions tested 27 residential air-conditioning units to assess their response to delayed voltage recovery transients. As a result of the tests, three modeling approaches were proposed: 1) the performance modeling approach, which is an empirical model derived from the motor testing results; 2) the hybrid modeling approach, which uses a three-phase motor model to represent the motor running state and a performance model to represent the motor stalling state; and 3) the single-phase positive-sequence modeling approach, which is derived from the voltage and torque equations for the single-phase induction motor.
Funded by the California Energy Commission (CEC) via Lawrence Berkeley National Laboratory under its load modeling project, researchers at Pacific Northwest National Laboratory (PNNL) led the follow-on task to analyze the motor testing data and derive from them the parameters of the performance models for the SPAC unit. Using the motor voltage and frequency ramping test data, the researchers obtained the real (P) and reactive (Q) power versus voltage (V) and frequency (f) curves. They then used curve fitting to develop the P-V, Q-V, Pf, and Q-f functions for both the motor running and stalling states. The temperature influence on the stalling voltages and the P-V and Q-V curves was obtained under three testing ambient temperatures-80, 100, and 115°F. A thermal relay model also was derived from the thermal relay testing data to represent the tripping of the stalled motors with respect to motor stalling current and stalling time. As a result of these efforts, an aggregated performance model to simulate the accumulated air-conditioner behavior at the feeder head is proposed.
Report Contents and Organization
This report summarizes PNNL's efforts to derive the performance model for the SPAC. Section 2.0 presents the data preparation and data analysis methodology; i.e., it describes the preparation of the data used to derive the performance model, including the compressor and thermal relay testing data sets provided by BPA and SCE, data preprocessing, curve fitting, and temperature interpolation. Section 3.0 presents a discussion of the results, describing and illustrating the components of a performance model representing an individual SPAC unit and discussing the aggregation of individual models. Plot measurement data versus curve-fitting results for BPAtested and SCE-tested motors are provided in Appendixes A and B, respectively. Bravo et al. (2006) provide more detailed description of the testing setups. Kosterev (2007) , Lu and Huang (2008) , and Lu and Qiao (2007) provide the performance model specifications and model validations. Lu et al. (2008a Lu et al. ( , 2008b provide a practical application of the performance model. The modeling validation task was carried out in a separate process, so it is not included in this report.
Data Preparation
Deriving a performance model for the SPAC unit required data preparation that involved the use of data sets, data preprocessing, curve fitting, and temperature interpolation, as described in the following sections.
Data Sets
As indicated previously, the data used in this modeling task were provided by BPA and SCE. A total of 19 air-conditioner compressor units were tested; 9 by BPA and 10 by SCE. Because the data sets for 3 units tested by BPA and 3 tested by SCE were incomplete, only 13 complete data sets are shown in Table 1 . These data sets include the following testing scenarios: voltage ramp-down and ramp-up, voltage oscillation, voltage sags, frequency oscillation, frequency ramp-down and ramp-up. The units were tested under different ambient temperatures as follows:
• BPA: Most motors were tested under 95ºF.
• SCE: Motors were tested under 80, 100, and 115ºF. The detailed experimental setup and data collection process were documented by SCE Bravo et al. 2006 ).
SCE Data Sets
SCE provided PNNL with 10 sets of air-conditioner compressor testing data. The data were organized according to the air-conditioner (AC) index, as shown in Table 1 . Three ambient temperatures were considered: 80, 100, and 115ºF. There were a few bad data sets among them:
• Data for AC 1 are incomplete and in a different file format than the other testing records.
• Data for AC 2 are not accessible.
• Data for AC 9 at 100ºF are not accessible.
Therefore, only the data sets for the remaining seven AC units tested were used to derive the performance model; the filenames are listed in Table 2 . There are 15 fields in the SCE-provided CSV data files. According to Table  1 in SCE's documentation , the following three fields were used subsequently: MATH 1 of input voltage, MATH 9 of total real power, and MATH 10 of total apparent power (see Tables 3 and 4) . 
BPA Data Sets
Testing data for nine AC units at various compressor and ambient temperatures were provided by BPA. Table 5 lists the names of the AC units, the data ramp-down and ramp-up files, and the temperatures for testing. Each block in Table 5 is designated for one AC compressor. Two AC compressors-the 0.5 Ton Room AC and 1.0 Ton Room AC-have different data formats and therefore are not considered in this modeling task. Curve fitting was conducted on all of the data files for the remaining seven AC compressors. The curve-fitting parameters on selected temperatures for each AC compressor were then subjected to polynomial fitting for interpolation at any temperatures in the temperature range being tested. 
Data Preprocessing: Filtering and Normalization
To reduce the high frequency oscillation of the time series data, an averaging filter was applied on the time series. Data segments for ramp-down and ramp-up processes were then selected from the entire time series for subsequent curve fitting.
The subsequent curve fitting was conducted on both raw time series data and normalized data, which are normalized by the motor apparent power defined as:
Curve Fitting
The following functions were selected for curve fitting to minimize the simulation errors for the voltage ramp-down, ramp-up, and oscillation cases: 1) For ramp-down:
where x is the voltage and y denotes raw or normalized real power P or reactive power Q, as shown in Figure 6 . For each AC compressor motor, fitting parameters were optimized for the P-V and Q-V curves of the rampdown and ramp-up processes at each of the three temperatures: 80, 100, and 115ºF, respectively.
As shown in Figure 6 , the other two sets of important parameters are the critical voltages, V stall , below which the motor will stall, and V recover , above which the motor will restart. The curve-fitting results are presented in Appendixes A and B of this report.
Temperature Interpolation
Temperature was interpolated for the SCE and BPA data sets, as described here.
SCE Data Sets
The curve-fitting parameters of the P-V and Q-V curves and the peak voltage of the power time series at any temperature between 80ºF and 115ºF were interpolated. The interpolation was based on a polynomial fitting of each of the fitting parameters based on the optimal fitting parameters at three temperatures. The P-V and Q-V curves at any temperatures between 80ºF and 115ºF could therefore be simulated. A second order polynomial fitting was used:
where a(T) represents a parameter used in P-V/Q-V curve fitting of either ramp-down or ramp-up processes at temperature T (between 80ºF and 115ºF). The polynomial fitting parameters are listed in Table B .2 in Appendix B.
BPA Data Sets
As can be seen in Table B .2, the number of temperatures, under which different AC compressors were tested, differed. Although ramp-down data were available at multiple temperatures for most compressors, rampup data were available at fewer temperatures. Therefore, temperature interpolation was only conducted when data were available from at least three testing temperatures. The temperature interpolation starts with a second order polynomial fitting on each curve-fitting parameter based on the optimal curve-fitting parameter values at the testing temperatures where a(T) represents a parameter used in P-V/Q-V curve fitting of either ramp-down or ramp-up processes at temperature T. Then the curve-fitting parameters at any temperature within the temperature range being tested are calculated from the polynomial fitting parameters and are subsequently used to simulate the P-V/Q-V curves at that temperature.
Because the AC Payne 3-Ton Scroll PA12NA036 has data at three common temperatures for both rampdown and ramp-up processes, it was used to demonstrate the temperature interpolation of curve-fitting parameters and the subsequent simulation of P-V/Q-V curves at any temperature in the testing temperature range. The polynomial fitting parameters of this AC are tabulated in Table A For other AC compressors, the temperature interpolation was still conducted whenever data from at least three temperatures are available for either ramp-down or ramp-up process and simulated P-V/Q-V curves are shown in Figure A .2 in Appendix A, but the polynomial fitting parameters are not listed. 
Discussion of Results
The components of a performance model representing an individual SPAC unit are described and illustrated, and the aggregation of individual models are discussed in the following sections. Figure 8 and Figure 9 show the running and stalling curves derived from the voltage ramp-down and rampup cases when the ambient temperature was 100 o F. The black bars in Figure 8 shows the voltage range of the compressor stalling voltages. Table 6 , the stalling voltages range from 126 V to 149 V. As shown in Figure 10 , the stalling voltage increases proportionally (2 to 3 V/ºF) when the ambient temperature increases. The band width of the stalling voltages is approximately 25 V for all of the compressors tested. As shown in Figure 11 (Kosterev 2007) , the stalling voltage is also related with fault duration. Therefore, the stalling voltages range from 0.5 to 0.6 p.u., depending on the fault duration and ambient temperature.
Individual Compressor Models
• Recovery voltage: As shown in Figure 9 , some compressor motors were tripped by thermal relay before the voltage recovered to full voltage. Instead of restarting, AC4 tested by SCE rotated backwards. The motor restart depends on the pressure equalization process of the compressor. Usually, it takes minutes for the pressure to equalize. Some of the motors may be tripped off line because the thermal relay reacts with the increased temperature in the motor winding. To be conservative in modeling, one can assume that all the compressor motors will not restart once they stall. • Running curves: There is more than one way to represent running curves. One can choose to represent a running curve by one-or two-segment curves. For the purposes of this effort, PNNL used one continuous function to represent the running curve and BPA used a two-segment representation. Both worked well in the simulation. The key issue is that if one wants to get a more accurate representation for voltage oscillation as shown in Figure 12 , a more sophisticated representation of real power will be needed. Otherwise, the compressor real power can be considered to be constant power load when running above stalling voltage. The reactive power changes more dramatically (0.2 to 0.4 p.u.) compared with the real power variations. Depending on the purpose of the simulation, one can represent it using polynomial functions as defined by Kosterev (2007) or as described in Section 2.3. 
As shown in Figure 7 , the stalling curve is not sensitive to the ambient temperature. Once the motor stalls, the motor will be treated as a Z type load.
• Frequency dependency: As shown in Figure 13 , the motor real power didn't vary much when frequency varied from 57 Hz to 63 Hz. The reactive power variation was around 100 Var per 1 Hz change. Table 7 . The measurement data and the curve-fitting results are shown in Figure 14 . • A complete parameter set of all tested compressor motors is shown in Table 8 through Table 11 . 
Aggregated Performance Model
The green lines in Figure 15 (a) and (b) illustrate a weighted aggregated P-V and P-Q curve for all of the individual motor P-V and P-Q curves.
There are several observations:
• Stalling voltage: When using an aggregated stalling voltage to represent the stalling threshold of a group of motors with different stalling voltages, an uncertainty is introduced. Therefore, knowing how to select the stalling voltage for an aggregated model is crucial. In reality, if one motor stalls, it draws three to seven times its normal current. The increased current then leads to further voltage depression. Other motors with slightly lower stalling voltages then stall because of the further drop in voltage. Because of this cascade stalling phenomenon, we recommend the aggregated stalling voltage to be the highest stalling voltage instead of the weighted average stalling voltage.
• Recovery voltage: Very few single-phase AC motors can restart in a few seconds once they stall. The high gas pressure in the compression chamber makes the load torque far greater than the starting torque of the compressor. The stalled motors are eventually taken offline by their thermal relays and will remain offline unless they are reset.
• The running curve and the stalling curve: The aggregated running and stalling curves show a fair agreement between the individual P-V and P-Q curves and the aggregated P-V and P-Q curves. Therefore, it is reasonable to use weighted average P-V and P-Q running and stalling curves to represent the aggregated behavior of the single-phase AC motors.
• Thermal relay model: As shown in Figure 16 , when aggregated together, a percentage tripping curve can be applied to represent the uncertainty and diversity of the individual motor tripping time caused by the different current and voltage seen at each motor circuit. (4) k (1) k (2) k (1) 
